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Introduction
The use of peat, especially from acidic mires (bogs), as an archive for climatic and environmental change is long-standing. There was a notable advance near the close of the 19th century: peat stratigraphy in Scandinavia provided the first climatostratigraphic division of the Holocenedthe BlytteSernander scheme (Blytt, 1876; Sernander, 1908) , whose terminology has been used in north-west Europe for a century. However, a prevailing misconception as to how bogs grow delayed their detailed exploitation as climatic archives until the 1970s (see Backéus, 1990) , when Aaby (1976) reported cyclic, sub-Milankovitch-scale climate changes within the late Holocene. His interpretation was based on colorimetric peat humification and rhizopoda (testate amoebae) data from Danish peat cores (Aaby and Tauber, 1975) . Based on studies at Bolton Fell Moss, northern England, Barber (1981) refuted the internal (autogenic) cyclic regeneration hypothesisdthe prevailing paradigm that had inhibited climate research on bogsdand instead proposed that raised mires provided a continuous record of past hydroclimatic change, as they were 'directly coupled' to the atmosphere. Barber et al. (1994) then showed how plant macrofossil analysis could be used to provide a semi-quantiative record of past climate variability. Though omitted as a climate archive from the Bradley (1999) compendium, studies on bogs in north-west and west-central Europe have gained greater prominence during the last decade (Chambers and Charman, 2004; . A wide array of climate proxies has been developed, involving an increasing number of specialists from a range of disciplines (de Jong et al., 2010) .
Geographical scope
Most of the peatland proxy-climate research has been carried out in Northern Europe, where peat-climate research has concentrated principally on two mire types: blanket mires (mainly in western Ireland and the UK uplands, but also western Norway), and raised mires (located especially in central Ireland; lowlands in parts of the north, west and east of Britain; Denmark; northern Germany; Southern Sweden; Estonia; southern Finland; Poland; Czech Republic). However, peat-based palaeoclimate research has increased in parts of Asia, notably in China (Hong et al., 2000 (Hong et al., , 2001 Xu et al., 2006; Seki et al., 2009) and Indonesia , and in North America Hughes et al., 2006; Booth, 2010; Loisel et al., 2010) , particularly during the last decade, while research has also been conducted in Australia Muller et al., 2008) , New Zealand (Wilmshurst et al., 2002) and South America Mauquoy et al., 2004a; Chambers et al., 2007a ).
Advantages of ombrotrophic mires for palaeoclimate reconstruction
Ombrotrophic mires have accumulated peat during the midelate Holocene epoch, with some in temperate regions from the early Holocene, or for longer in the case of tropical peatlands. Ombrotrophic mires are fed by atmospheric inputs (aerosols, rain, etc.) , and so, like ice cores, can therefore provide past environmental records of the atmosphere. They have three main advantages compared to other environmental archives: (i) a widespread distribution around the globe, providing better accessibility, global distribution and ease of sampling (e.g. compared to ice cores); (ii) because peat almost exclusively constitutes autochthonous organic matter, they can be dated using radiocarbon techniques, leading to high-resolution and low-uncertainty chronologies (e.g. compared to non-varved lake sediments); and (iii) a largely atmospheric signal, as they are isolated from groundwater (e.g. compared to lake and coastal sediments). Therefore, ombrotrophic mires provide a valuable archive to investigate climateeenvironment relationships and palaeoenvironmental change.
Aims and organisation of the paper
This paper conducts a critical review of developments in proxyclimate reconstructions from peat. For simplicity, techniques have been grouped in the text into five categories (see also Table 1 ): (i) well-established methods and techniques, such as use of visible peat stratigraphy, plant macrofossils, peat humification, testate amoebae and non-pollen palynomorphs; (ii) the wiggle-matching of series of radiocarbon dates and their relationship to climate shifts; (iii) organic biomarker and stable-isotope techniques that are being increasingly applied; (iv) geochemical techniques, the range of which is increasing; (v) new techniques under development. Emphasis is placed on recent applications and examples of techniquesdespecially geochemical, to help forge better links between geochemists and mire palaeoecologists. In addition, there are other biological techniques that are well-established in Quaternary science, such as analysis of pollen, beetles and treerings, but for which peat is but one terrestrial archive in which they may be found. These are not considered further here.
Established methods and techniques
Several methods and techniques have become established and widely used for palaeoclimate reconstruction, though some of these continue to be refined.
Visible peat stratigraphy
The transition from dark, highly decomposed peat to fresh, light-coloured peat around 850 cal. BC is one of the most pronounced visible transitions observed in north-west European raised mires (Fig. 1) . In their subdivision of the Holocene the Scandinavians Blytt and Sernander (Blytt, 1876 (Blytt, , 1882 Sernander, 1908) used it as a boundary between the supposedly relatively dry and warm Subboreal and the relatively cool and wet Subatlantic. In an early stage of peat research Granlund (1932) described additional contacts between dark and light peat in raised mires in southern Sweden. He called these transitions Rekurrensytor (RY: recurrence surfaces), indicating transitions from highly decomposed peat that had been growing relatively slowly and under dry conditions, to peat that showed indications for growth under wetter conditions. Granlund distinguished RYeI to RYeV and supposed that these had been triggered by climate shifts to cooler, wetter conditions. Based on palynological and archaeological information the changes were dated 2300 BC, 1200 BC, 600 BC, AD 400 and AD 1200. During later peat stratigraphical studies in Scandinavia and elsewhere in north-west Europe it was expected that the identification and dating of the RYs would lead to a better knowledge of Holocene climate change. However, it soon became evident that even within one raised mire the contact levels appeared to have different ages (Lundqvist, 1962) and some RYs either could not be detected, or were barely recognisable, in different raised mire complexes because of local hydrological differences. Overbeck (1975) referred to different factors that could play a role in the presence or absence/and differentiation of the expression of RYs: size of the bog; age of its base; lesser or more pronounced raised surface; fluctuations in the undulation of the basal topography and related hydrographical conditions; and regional differences in climate. Even after introduction of the radiocarbon dating method the diagnostic climatological value of RYs remained questionable. The 'boundary horizon' (German: Grenzhorizont) originally considered as a synchronous phenomenon caused by a major climate shift at the SubborealeSubatlantic transition appeared not to be a time horizon (Overbeck, 1975 , and references therein). However, in detailed studies of vegetation changes in raised mires, van Geel (1978) showed that humification changes are less indicative of climate change than changes in Sphagnum species composition. The sudden appearance of S. imbricatum in Wietmarscher Moor in Germany, Engbertsdijksveen in the Netherlands and Carbury Bog in Ireland characterizes the SubborealeSubatlantic transition (see also van Geel et al., 1998) , while major changes in humification (SWK: German abbreviation for contact between black and white peat) were not synchronous. In the original work on recurrence surfaces, a major increase in the atmospheric radiocarbon content between 850 and 760 cal BC (creating a rapid rate of change in the 'radiocarbon clock' during this time period) followed by a decline of atmospheric radiocarbon (creating a plateau in the calibration curve) was not recognised and understood, leading to supposed asynchrony of recorded wet shifts (but see Section 3).
Plant macrofossils
A combination of high decay resistance, low pH and waterlogged conditions in raised mires normally ensures excellent preservation of mosses (mainly Sphagnum species). Roots and epidermal tissues of graminoids are also often preserved, as well as leaves, stems and seeds of dwarf shrubs (e.g. Ericaceae, Empetrum). Sample pretreatment is simple for the Quadrat Leaf Count method (see Mauquoy et al., 2010/11 for detailed description). Species-level identification of a range of mosses, graminoids and dwarf shrubs is possible using reference type material (both sub-fossil and modern) and drawings, keys and plates (Grosse-Brauckmann, 1972a,b; Grosse-Brauckmann and Streitz, 1992; Katz et al., 1977; Smith, 2004; Mauquoy and van Geel, 2007) . Preservation of macrofossils in blanket mires is variable, but sometimes poor, given the higher degree of water-table fluctuation and degree of humification, and slower growth rate in these ecosystems.
Analyses of plant macrofossils can be used to reconstruct peatland vegetation development at the micro-and mesoform level in order to determine successional development and pathways (Hughes and Barber, 2004) , reconstruct mire surface wetness as a palaeoclimate proxy (Swindles et al., 2007; Mauquoy et al., 2008) , in addition to providing evidence for plant-species mediated changes in long-term carbon sequestration (Mauquoy et al., 2002; Heijmans et al., 2008; Sannel and Kuhry, 2009) , and discerning the relative influence of climate change and recent human impact on moorland and blanket mires (Chambers et al., 1999 (Chambers et al., , 2007b .
Mire surface wetness reconstructions have largely been made from the identification of phases of relatively low local water tables (showing increased representation of hummock microform Sphagna and Calluna vulgaris/Empetrum nigrum) and phases of higher local water-table depths (with aquatic, pool Sphagna and Rhynchospora alba/Eriophorum angustifolium). Ordination techniques (PCA and DCA) have been used to create a single index of mire surface wetness based on the total sub-fossil dataset for a peat profile (Barber et al., 1994; Mauquoy et al., 2004b; Sillasoo et al., 2007) , in which it is assumed that the principal axis of variability in the dataset is linked to hydrology. Quantitative reconstructions of local water-table depths are also possible, based on water table/ surface vegetation modelling (Väliranta et al., 2007) . Nevertheless there are problems in using these techniques. For example, in using DCA, Barber et al. (1994) had to combine the records of Sphagnum magellanicum with S. imbricatum, because otherwise the first component in the data was the stratigraphic difference between the lower horizons dominated by S. imbricatum, and the upper horizons, dominated by S. magellanicum, which seemed to be its direct replacement. This example cautions researchers to be fully aware of the patterns in the dataset, and not to assume that the first component will automatically be hydrological.
The accurate identification of plant macrofossils in peat deposits is desirable so as to ensure the selection of appropriate plant material for radiocarbon dating, to facilitate the creation of accurate 14 C chronologies. Above-ground macrofossils can be selected preferentially for dating, while the roots of graminoids and Ericaceae should be avoided because these have been shown to produce ages that are too young, given their downward growth into the peat profile (Kilian et al., 2000) . Even carefully selected Sphagnum leaves and stems need to be checked carefully to ensure there are no fungal hyphae within. Future work could involve inter-hemispheric comparison of reconstruction of mire surface wetness, for those types of mire where it is feasible to use the Quadrat Leaf Count method. In future, this technique should always be used in combination with others, in multi-proxy studies.
Peat humification
The analysis of peat humification of ombrotrophic peat deposits is a widely used palaeoclimate proxy. Peat humification is a measure of organic decay and has been thought mainly to reflect changing palaeohydrological conditions in the slim, upper layer of a diplotelmic mire: the acrotelm. This upper layer experiences a seasonally fluctuating water table, and in dry conditions can experience high decay rates. Because decay processes are very much slower in the anaerobic catotelm than in the acrotelm (Belyea and Clymo, 2001) , the degree of peat humification is thought to represent the environmental conditions at the time of peat accumulation (Aaby and Tauber, 1975; Blackford and Chambers, 1993) . A revised protocol is included in Chambers et al. 2010/11) . The technique, which is reviewed within de Jong et al. (2010) , is particularly advantageous in relatively highly decayed peats in which plant macrofossils are less easily identified, and hence it is frequently used to generate a proxy-climate record from blanket mires (e.g. Nilssen and Vorren, 1991; Chambers et al., 1997) .
A cautionary note was sounded by Yeloff and Mauquoy (2006) , who identified inconsistencies between peat humification and other proxy-records of mire surface wetness in a peat profile. The humification signal is a derived response to climate. The assumption that climate has been the major influence on variations in humification rests on the supposition that the botanical composition is relatively homogeneous throughout a peat profile; however, that is often not the case, making the use of humification data (on their own) as a climate proxy questionable (Yeloff and Mauquoy, 2006) , because past changes in the botanical composition of the peat may have an influence on humification measurements, as acknowledged by Chambers et al. (1997) , who recognised the possibility of a 'species signal' in humification data. Caseldine et al. (2000) questioned the assumption that the colorimetric technique, which uses weak alkali as a digestant, actually extracts 'humic acid'. Morgan et al. (2005) investigated this further using size-exclusion chromatography in 1-methyl-2-pyrrolidinone. Despite these reservations, one advantage of analysis of humification (over the analysis of plant macrofossils or of testate amoebae) is that it is operator-independent, provided a strict time schedule (owing to fading of the extract) is adhered to.
Future developments would be to focus peat humification on peat cores from mires with long records of single-taxon dominance (e.g. Sphagnum austinii [syn S. imbricatum ssp. austinii)] in Northwest Europe; S. magellanicum in Patagonia), to avoid the claimed 'species signal', and to conduct stable-isotope analyses on these single species in those same peat cores (see Section 4.2).
Use of testate amoebae
Testate amoebae, a group of amoeboid protozoans that produce morphologically distinct shells, are commonly used as surfacemoisture proxies in peat-based palaeoclimate studies (Mitchell et al., 2008a) . Although the moisture sensitivity of these organisms has been recognised for over a century (Leidy, 1879; Jung, 1936) , work over the past several decades has demonstrated the utility of testate amoebae as quantitative surface-moisture indicators. High sensitivity to moisture variation has been demonstrated by coherence in reconstructions of wet and dry fluctuations within and between mires (Hendon et al., 2001; Booth et al., 2006) . Advantages of using testate amoebae in peat-based palaeoclimate studies include their rapid response time to environmental changes, the ease with which community composition can be quantified using standard light microscopy, the small sample volumes needed for analysis (i.e., 0.5e1 cm 3 ), and the ability to reconstruct past water-table depths quantitatively, including associated error estimates Charman, 2001; Mitchell et al., 2008a) . A protocol is provided by Charman et al. (2000) and by . The calibration and validation of testate amoebae as palaeoclimate proxies has occurred in two ways. First, present-day communityeenvironment relationships have been studied within many regions, allowing the development of transfer functions to infer moisture conditions from testate amoeba communities (e.g., Woodland et al., 1998; Mitchell et al., 1999; Lamentowicz and Mitchell, 2005; Charman et al., 2007; Booth, 2008; Lamentowicz et al., 2008; Payne et al., 2008; Swindles et al., 2009; Markel et al., 2010) . These studies have clearly revealed that water-table depth is strongly correlated with community composition, and transfer functions can typically estimate water-table depths with a mean error of less than about 8 cm (Fig. 2a) . In addition, comparison of water-table depths estimated from sub-fossil testate amoeba assemblages and instrumental records of climate for the past several centuries have provided additional validation for their use in studies of past hydroclimate variability (Fig. 2b) , and have greatly advanced understanding of the climatic response of mires (Schoning et al., 2005; Charman, 2007; Charman et al., 2009; Booth, 2010) . For example, testate amoeba-inferred water-table depths generally reflect the length and severity of the summer moisture deficit, which at least in raised mires is primarily controlled by summer precipitation (Charman, 2007; Charman et al., 2009) . Temperature generally has a secondary control through its effect on evapotranspiration rate (Charman, 2007) . Therefore it is not surprising that particularly strong correlations have been found between integrated moisture indices (e.g., Palmer Drought Severity Index) and reconstructed water-table depths (Booth, 2010) (Fig. 2b) .
Additional research is still needed on the ecology and palaeoecology of testate amoebae to refine the interpretation of palaeohydrological records. For example, taphonomic studies are needed to assess the potential effect of differential decomposition of tests on palaeohydrological reconstructions, although recent research suggests that these effects are minimal (Mitchell et al., 2008b) . Studies on the ecology of testate amoebae also inform palaeoenvironmental interpretations, and although numerous studies have now provided a wealth of data on moisture tolerances and optima for most common species, there are still remaining questions. For example, the response of testate amoeba communities to seasonal-to-interannual moisture variability (Warner et al., 2007) , the role of surface vegetation in modulating the microenvironment of testate amoebae, and the potential for factors besides surface moisture to influence testate amoeba community composition all need to be better understood Markel et al., 2010) . Experimental studies are needed to address some of these issues and to characterise better the proximal controls (e.g., resources) on testate amoeba communities, and assess how these proximal controls are affected by water-table depth. Population and community modelling efforts should be used in tandem with experimental and observational approaches to test models of community assembly and structure. Improvements in taxonomy, as well as the investigation of environmental controls on test morphology, also have the potential to improve reconstructions of past environmental change (e.g., Booth and Meyers, 2010; Payne et al., in press ). The use of testate amoebae as indicators of past climate will benefit from increased collaborative work among taxonomists, ecologists, and palaeoecologists (Mitchell et al., 2008a) .
Inter-proxy comparisons
A striking correspondence can be seen between different climate proxies in some peat records (se Fig. 3) , which is encouraging. Questions that remain to be answered regarding the three foregoing techniques (in section2.2, section2.3 and section2.4) are (i) why the data produced by each technique sometimes give contrasting results or opposing tendencies within parts of a peat core; and (ii) which of the three techniques is most reliable for reconstructing past climate. Hughes et al. (2006) circumvented the problem by taking the majority indication, but a more satisfactory resolution of these questions is required. Each technique has conventionally been assumed to indicate the direction of hydrological change (drier/wetter), rather than temperature (warmer/ cooler), but the contribution of summer temperature (to water table drawdown and decay processes) at times of more continental past climate may require further consideration, as also may the effects of prolonged snow cover (on vegetation). Each proxy is likely responding to somewhat different environmental factors, and understanding these differences will potentially allow more robust extraction of the climatic signals as well as possibly the identification of different aspects of climate variability (temperature, precipitation, seasonality, etc.) 2.6. Non-pollen palynomorphs in raised mire deposits
In pollen preparations, other microfossils are also preserved. Among the 'non-pollen palynomorphs' or NPP found in peat are various spore types of fungi and spores of Zygnemataceae (green algae). In a series of papers the descriptions and illustrations of many non-pollen palynomorphs were published and their indicator value was discussed (van Geel, 1978 (van Geel, , 1986 (van Geel, , 2001 van Geel and Aptroot, 2006; van Geel and Grenfell, 1996) . Morphological descriptions and pictures were combined with stratigraphic information, often in the form of pollen and macrofossil diagrams. In most cases there was initially no, or hardly any taxonomic/ecological knowledge about these NPP. The identification of the fossils was attempted with the aid of literature and by consulting colleagues in mycology, phycology and invertebrate zoology. Among the NPP there are still many taxa that are not properly identified, but some of them nevertheless can be used as palaeoenvironmental indicators. In such cases, the ecological information was inferred from the co-occurrence (curve matching) with identified microfossil and macrofossil taxa. For NPP in raised mire peat the publication by van Geel (1978) is relevant. The up-to-now unidentified 'Type 10' appeared to be linked with the roots of C. vulgaris anddlike its host plantdit is a dryness indicator. The parasitic fungus Meliola ellisii ('Type 14') is also strongly linked with C. vulgaris. Yeloff et al. (2007) assessed the potential of fungal microfossils in raised mire deposits for palaeoclimate reconstruction. The relationship between fungal types, vegetation components and water-table depth reconstructions derived from testate amoebae assemblages was explored. Yeloff et al. evaluated environmental preferences of fungi by assessing the relationships among fungal types, the peat-forming vegetation, the occurrence of fire, and water-table status in fossil and modern samples from two raised mires in northern England and Denmark. Water is one of the most important environmental factors defining the habitat of terrestrial fungi, and fungi preserved in ombrotrophic peat deposits can indicate past variations in surface wetness and vegetation composition. The microfungi are generally indicators of relatively dry (hummock-like) conditions. Several fungal microfossil types can be used to provide a qualitative reconstruction of past conditions on the surface of the mire, and accurately indicate shifts between relatively dry and wet local conditions. Some of the more abundant types, particularly 'Type 12 0 spores, show a characteristic distribution with water-table depth. In addition to testate amoebae, fungal spores are useful for quantitative reconstructions of past water tables and therefore climate in ombrotrophic mires (Yeloff et al., 2007) .
3. Wiggle-match series of dates: ∆ 14 C and relationship to climate shifts
Holocene peat deposits, especially the rainwater-fed raised mires such as those in Northwest Europe, have become regarded as natural archives of climate change (Barber, 1981 (Barber, , 2006 Barber and Langdon, 2007) ; hence, climate-related changes in precipitation and temperature are believed reflected in the changing species composition of the peat-forming vegetation (Section 2.2). The radiocarbon method is generally used for the dating of assumed climate-induced vegetation shifts in Holocene peat deposits. The cosmogenic radionuclide 14 C is produced continuously in the atmosphere as a result of the interaction of galactic cosmic rays with nitrogen, but 14 C production is not constant. Changing solar (Beer and van Geel, 2008) . Calibration of a single radiocarbon date usually yields an irregular probability distribution of calendar ages, quite often over a long time interval. This is problematic in palaeoclimatological studies, especially when a precise temporal comparison between different climate proxies is required. Closely spaced sequences of (uncalibrated) 14 C dates from peat deposits, however, display wiggles that can be fitted to the wiggles in the radiocarbon calibration curve. The practice of dating peat samples using 14 C "wiggle-match dating" has greatly improved the precision of radiocarbon chronologies since its application by van Geel and Mook (1989) . By wiggle-matching 14 C measurements, highprecision calendar age chronologies for peat sequences can be generated Blaauw et al., 2003) , which show that in some locations, mire surface wetness increased together with rapid increases of atmospheric production of 14 C during the early Holocene, the SubborealeSubatlantic transition (2650 BP; 2800 cal. BP), and the Little Ice Age (Wolf, Spörer, Maunder, and Dalton minima of solar activity). Because the production of radiocarbon is regulated by solar activity, periods of increased mire surface wetness in continental Europe have been interpreted as evidence for sudden declines in solar activity. Peat studies using the same macrofossil technique (Section 2.2) show that the phenomenon at 2800 cal. BP (see Fig. 1 ) occurred in The Netherlands van Geel et al., 1998; van der Plicht et al., 2004) , the Czech Republic , Britain and Denmark (Mauquoy et al., 2002) , and at the same time but with an apparently opposite response (to short-lived dryness) in a mire in Tierra del Fuego (Chambers et al., 2007a) . The information from raised mires does not stand alone. Denton and Karlén (1973) linked the radiocarbon record with geologic data such as the extension of glaciers and made important conclusions about solar forcing of climate change. Magny (2004 Magny ( , 2007 published a long record of Holocene climate-related water table changes in lakes in south-eastern France and adjacent Switzerland. The lake-level fluctuations closely correspond with the atmospheric 14 C fluctuations and therefore also with the cosmogenicisotope derived history of solar activity. Lake levels were low during periods of high solar activity (low values of D 14 C), whereas high lake-stands occurred when solar activity was low. The lake sediment records published by Magny and co-workers have delivered data showing that lakes may be even better sensors for the registration of climate change than raised mires, but the advantage of raised mires is that the peat accumulation is (arguably) continuous and wholly autochthonous, and is seldom subject to problems of erosion, unlike lake-shore environments.
Abundances and stable-isotope ratios of organic biomarkers in peat as indicators of climate change

Organic biomarkers
Organic biomarkers are recalcitrant compounds whose origin can be traced to a particular taxon. The term "biomarker" can refer to general indicators of broad groups of organisms, or to specific genera or species. Biomarkers used in environmental reconstructions typically come from the membrane lipids of unicellular organisms or the epicuticular waxes of plants, though the latter are more commonly used in peat-based climate reconstruction (e.g. Bingham et al., 2010) . For example, saturated hydrocarbons and their homologues (n-alkanes, n-fatty acids, and n-fatty alcohols) are typical examples of general plant biomarkers. In mires, the shorter chain varieties of these molecules (20e26 carbons) are produced mainly by Sphagnum, while the longer chain varieties (26e34 carbons) are produced mainly by vascular plants (Baas et al., 2000; Nott et al., 2000; Pancost et al., 2002; Nichols et al., 2006) . Specific biomarkers, produced by plants belonging to only one genus, have also been identified. These include 5-n-alkylresorcinols, a biomarker for the family Cyperaceae (Avsejs et al., 2002) and n-alkan-2-ones, a biomarker for the genus Sphagnum (Nichols and Huang, 2007) .
Biomarker compounds can be used to create environmental reconstructions in a similar manner to traditional fossils. For example, several indices describing variations in relative abundance of different n-alkyl homologues have been developed to describe different climatic and sedimentary processes. One example is the Sphagnum/Vascular Ratio (SVR), which uses the relative abundance of C 23 n-alkane and C 29 n-alkane as a moisture balance indicator. Sphagnum (which thrives under wet conditions) produces more C 23 n-alkane than other alkanes, while vascular plants (which generally prefer lower water-table depths) produce mainly C 29 n-alkane (Nichols et al., 2006) . The Carbon Preference Index (CPI) describes the odd over even carbon-number preference of sedimentary n-alkanes. Plants produce only odd carbon- Fig. 3 . Peat humification (shown as light-transmittance data) and water-table depth reconstruction (from testate amoebae data) for the past 3400 years from Minden Bog, Michigan, USA. Note the close correspondence of the two mire-based proxy-climate measures for the majority of the record. numbered n-alkanes, but as microbial or thermal processes degrade sediment, this preference is slowly erased. The CPI indicates how much degradation the wax fraction has undergone (e.g., Zhou et al., 2005) . Because degradation of waxes by microbial action can be moderated by environmental conditions, particularly temperature, the CPI can also be used to infer climate changes. This compound class, however, is quite resistant to degradation, and so this index can even be used in peat sequences spanning the order of 10 4 years or more.
Use of stable-isotope measurements
Peat or its components has been investigated for isotopes of oxygen, hydrogen and carbon. Protocols for these techniques will be published in the volume edited by De Vleeschouwer et al. (2010a) .
Oxygen isotopes
Oxygen isotope ratios are typically measured from cellulose extracted from peat. Such work started nearly 30 years ago in Europe (e.g. Brenninkmeijer et al., 1982; Dupont and Brenninkmeijer, 1984; Ménot-Combes et al., 2002) , and has been applied in Asia (Hong et al., 2000) . Cellulose is converted first to nitrocellulose to eliminate exchangeable oxygen atoms from the molecule. The cellulose itself can be extracted from bulk peat, or from specific macrofossils. Picking macrofossils for isotope analysis can be time-consuming, and can result in low cellulose yields, as compared with bulk peat. However, isotope measurements from taxon-specific cellulose, such as from Sphagnum, are much easier to interpret (e.g. Daley et al., 2009 ).
Hydrogen isotopes
The stable-isotope composition of precipitation is an extremely useful parameter for palaeoclimate reconstruction and provides information about temperature, rainfall amount, and moisture source. Hydrogen isotopes are typically measured from leaf-wax biomarkers (n-alkanes and n-fatty acids) using an isotope-ratio mass spectrometer coupled to a gas chromatograph through a continuous flow device. The leaf waxes of vascular plants found in sediments of aquatic systems have been used to reconstruct the hydrogen isotopic ratios of precipitation (e.g. Sachse et al., 2006; Hou et al., 2007) , and have also recently been used in peats (Seki et al., 2009) . Ombrotrophic mires are particularly well suited to reconstructing precipitation isotopes with vascular plant leaf waxes because the only input of water to these systems is by direct precipitation (Nichols et al., 2009 .
While the hydrogen isotope ratios of vascular plant biomarkers can be used to reconstruct precipitation, the hydrogen isotopic composition of Sphagnum molecules is influenced by two factors.
These are the dD of the precipitation and enrichment by evaporation of water inside and between the Sphagnum leaves. The contrast between the hydrogen isotope ratios of Sphagnum and vascular plant biomarkers has been used to estimate the amount of evaporation occurring at the surface of the mire .
Carbon isotopes
Carbon isotopes in peat can be measured both from cellulose (e.g. Hong et al., 2001 ) and from leaf-wax compounds. Two opposing factors are thought to influence the carbon isotope ratio of fossil Sphagnum molecules from cellulose, leaf waxes, etc. The first is the carbon isotope ratio of the CO 2 used for photosynthesis. A methanotrophic bacterium lives symbiotically with Sphagnum in its hyaline (water-holding) cells (Raghoebarsing et al., 2005) .
Because the d 13 C value of biogenic methane is so low, (À40& to À60&) it can dramatically affect the ultimate d 13 C of the Sphagnum molecules. Higher methane fluxes under wet conditions lead to more assimilation of CH 4 -derived CO 2 and thus lower carbon isotopic ratios of Sphagnum biomarkers. Up to 15% of the CO 2 used by Sphagnum can come from recycled methane (Raghoebarsing et al., 2005) . The amount of recycled CO 2 available to Sphagnum is influenced mainly by the wetness of the mire surface. When the mire is wetter, more methane-derived CO 2 is available at the surface for use by Sphagnum (d 13 C decreases). However, wetness of the Sphagnum itself also directly influences the d
13
C of its molecules. When the Sphagnum plant is more saturated the water film over the photosynthetic cells impedes the incorporation of CO 2 and so the plant becomes less selective against 13 C (Williams and Flannagan, 1996) . Because of these competing influences, and the possible influence of other factors like temperature (Skrzypek et al., 2007) , d
13 C records derived from peat sequences must be evaluated carefully (Markel et al., 2010) , and in the context of other reconstructed parameters.
Inorganic geochemistry of peat as a palaeoclimatic indicator
The fluxes, particle size, mineralogy, and chemistry of atmospheric mineral dust may affect the Earth's climate system, the chemistry of the atmosphere, and the global biogeochemical cycles of many elements (Goudie and Middleton, 2001; Harrison et al., 2001) . Mineral dust in the atmosphere may modify the Earth's radiation budget through the absorption and scattering of incoming solar and outgoing terrestrial radiation, act as condensation nuclei to promote the formation of clouds, and adsorb many chemicals because of their reactive surface areas.
It is possible to investigate the geochemistry of preserved mineral materials in peat using modern analytical methods, to distinguish between their predominant atmospheric sources, quantify their rates of deposition, and study their variation through time (Bindler, 2006) . In addition to classic geochemistry, developments in isotope geochemistry either for light elements (C, N, O, S; see Section 4.2), heavy elements (Pb, Nd) or non-traditional intermediate metals (Hg, Cu, Zn) open new fields of research giving information on the sources and mechanisms of atmospheric deposition recorded in peat cores. For example, Hg has been interpreted by Martínez-Cortizas et al. (1999) as capable of providing a direct climate signal from peat.
Analytical techniques
Direct dust analyses can be performed after extraction on peat ashes using soft acids and bases and particle collection by filtration and/or centrifugation (Givelet et al., 2004) . This is particularly relevant for large mineral particles like quartz grains and minerals that are resistant to peat acidic conditions, such as aluminosilicates or zircon (Le Roux and Shotyk, 2006) . In peat cores from coastal sites, the record of quartz grains was used to derive Holocene storminess variability in Scandinavia (de Jong et al., 2006; Björck and Clemmensen, 2004) . However, many minerals, including some produced by volcanic eruptions, are weathered in peat environments. Thus it is necessary to find fingerprints of dust variability and fluxes.
There are numerous techniques dedicated and optimised for peat geochemical analyses. These range from bulk, non-destructive elemental analyses, such as X-ray fluorescence (XRF), to (highresolution) inductively coupled plasma mass spectrometry (e.g. ICP-MS, HR-ICP-MS). The limiting factor of XRF is the relatively high detection limit for some trace elements, together with possible matrix effects as a result of the very light mass of peat. A few XRF devices have been especially optimised for peat samples (e.g. Cheburkin and Shotyk, 1996; Cheburkin and Shotyk, 2005) . When dealing with trace elements, and also to avoid matrix effects, the most widely used technique is ICP-MS. These instruments allow for the measurement of very low concentrations, down to mg kg À1 for ICP-MS and ng kg À1 or sometimes lower for HR-ICP-MS (e.g. Krachler, 2007 and references therein) . Both techniques have been used widely for peat geochemistry (e.g. Rausch et al., 2005; Gonzales et al., 2006; Cloy et al., 2008) . Other techniques have been used, such as inductively coupled plasma optical emission spectroscopy (ICP-OES, e.g. Yafa et al., 2004; Mighall et al., 2009) , or scanning electron microscope equipped with an energy dispersive XRF analyser (SEM-EDX) for specific purposes (Rausch et al., 2005; De Vleeschouwer et al., 2008) , such as mineral identification. Scanning XRF has also been used on peat cores (Lowe et al., 1981; Gehrels et al., 2008; De Vleeschouwer et al., 2008) ; it gives promising results but is limited by the problem of surface roughness and the pore spaces in peat cores, because these can generate high signal noise.
Mass spectrometry, either thermal ionisation mass spectrometry or ICP-MS (possibly with multi-collectors), can also be used for the determination of the isotopic composition of peat samples. It has been used commonly for lead isotopes Le Roux et al., 2005; Kylander et al., 2005) and also for Sr after mineral extraction (Sapkota, 2006) and Nd isotopes on a swamp core (Kamenov et al., 2009 ).
Identification of events
Elemental concentration profiles are rarely used for palaeoclimatic reconstruction in peat, because the elemental concentration is influenced by the peat accumulation rate. Elemental ratios are therefore preferred to identify key intervals, such as the Younger Dryas (YD), for which there is large variability in dust composition . Most often, elemental ratios are constructed using a "conservative element"dsuch as titanium (Ti), zirconium (Zr) or scandium (Sc). Titanium and Zr have been chosen because they are located in accessory mineral phases (e.g. titanite, ilmenite for Ti and zircon for Zr) and not sensitive to weathering. Therefore, these elements are not subject to chemical and/or physical fractionation linked to soil erosion. Scandium has advantages, because it has no preferential mineral phase and also because its release caused by anthropogenic activities is negligible, as the world production of Sc remains low (ca. 4t y À1 ). Conservative elements in ombrotrophic peat can also be used to reconstruct atmospheric dust fluxes. By knowing the concentration of the conservative element in the peat and in the source, it is possible to estimate the amount of dust particles eroded from this source. The calculation is made in two steps. The first is to obtain the soil dust concentration in the studied profile by dividing the conservative element concentration by its counterpart in the Earth's Upper Continental Crust (UCC) or in the local background. The second is to reconstruct the atmospheric soil dust flux (ASD). As with elemental concentration, soil dust concentration may be affected by changes in accumulation rates. Therefore, the ASD can be calculated by multiplying the dust concentration by the bulk density and the mean accumulation rate derived from 14 C and 210 Pb ages (e.g. Shotyk et al., 2002) . It could be assumed that natural soil dust is derived from a source with a composition close to published UCC (e.g. Taylor and McLennan, 1985; Wedepohl, 1995) . However, the local soil dust may be geochemically very different from the UCC, so both local and regional background geochemistry should be assessed. The local background can be characterised using the deepest layers of the peat core, most often corresponding to minerotrophic layers or pre-bog lake sediments influenced by local soil erosion. The regional (i.e. long-range) background can be estimated using time intervals where local inputs were at their minimum because of non-human perturbation and maximum vegetation cover, such as Shotyk et al. (2002) use of the earlyemid Holocene climatic optimum in the Swiss Jura.
Sourcing
Chemical elements may originate from various sources, generally divided into two categories: natural and anthropogenic. The latter is not considered here. Natural sources of elements can be multiple (Fig. 4) , mainly originating from the hydrosphere or the geosphere. Bromine and chlorine have been found in high amounts in oceanic mires De Vleeschouwer et al., 2009 ); however, these elements, which are highly enriched in sea salt sprays, are generally poorly retained by peat , although Biester et al. (2004) demonstrated a close relationship between organohalogen concentrations and peat decomposition, a process strongly influenced by climate. Martínez-Cortizas et al. (2007) showed a similar pattern with other major and trace elements. Recently, Schofield et al. (2010) used Br and Cl as a proxy for storminess in their study of southern Greenland. Other studies have shown that silicon, aluminium, titanium and zirconium, together with rare earth elements (REE) are valuable tracers of soil dust inputs (e.g. Hölzer and Hölzer, 1998; Shotyk et al., 2001 ). Lead and lead isotopes have been used to trace variation in atmospheric dust composition (e.g. Kylander et al., 2010) . Volcanic events can also be determined by their non-specific elemental distribution, especially for REE (e.g. Shotyk et al., 2001; Weiss et al., 2002; and references therein) but also for Hg (Roos-Barraclough et al., 2002) .
Applications and examples
Reconstruction of dust flux
Previous work showed that ASD flux variability is linked to Younger Dryas climatic events (e.g. Shotyk et al., 1998) , and this formed the basis for ASD reconstruction, encouraging scientists to investigate Holocene time intervals in mires. However, even now, only a few ASD curves have been generated from mires at highresolution, because (i) ASD peaks generally occur during shortterm intervals (at least in Northern Europe), in which very few samples are analysed; (ii) many radiocarbon dates are needed for precise and accurate dating; and (iii) ASD is still an indirect parameter that needs to be cross-checked with the direct quantification of mineral matter in the peat. Recent work has focused on high-resolution reconstruction of dust content in the late Holocene, on the South Swedish (de Jong et al., 2007) and North Polish coasts (De Vleeschouwer et al., 2009 ). The Scandinavian records were not acquired through geochemistry, but rather through the counting of mineral particles in the peat records; while in Poland, a highresolution geochemical study of an ombrotrophic mire allowed for the reconstruction of ASD using titanium as a conservative element. Both records were recently compared in De Vleeschouwer et al. (2009) and de Jong et al. (2010) and gave promising results, showing similarities in signals, in particular during the Little Ice Age (LIA) where enhanced ASD was recorded, suggesting increased erosion and wind storminess. However, considerable effort has to be devoted to assess enhanced ASD accurately during cold phases, especially because coastal areas are rich in easily erodible sand and finer material. Continental sites may not permit mineral counting, but only ASD reconstruction through elemental geochemistry.
Desert dust fluxes and signatures
The principal natural global dust sources are deserts, and before agriculture and metallurgy, long-distance desert-dust transport and its deposition was often the predominant mineral source in peatlands.
The Sahara was recognized as a predominant source of dust in European mires, using Pb isotopes . Lead isotope signatures from two mires (Swiss Jura: Shotyk et al., 1998 Shotyk et al., , 2001 and Galicia: Martinez-Cortizas et al., 2002; Kylander et al., 2005) are compared for the early Holocene in Fig. 5 . The two sites have different background local isotope signatures. However, the influence of Saharan dust is possibly marked in both sites by a general trend towards less radiogenic values during the midHolocene. This corresponds to instability and aridification of the Sahara c. 6000-4000 cal. BP (Renssen et al., 2006) . The Swiss core records a longer time interval, showing the influence of Sahara dust around 8000 cal yr BP and an isotopic shift attributable to deposition of the VasseteKillian Tephra layer. Recent work by Kylander et al. (2010) summarises pre-anthropogenic Pb isotope chronologies obtained using peat and ice archives in both hemispheres and tries to distinguish similar trends and specific events like volcanic eruptions. It also emphasises that more work is needed to clarify the influence of local and regional dust inputs versus long-range transported particles.
In New Zealand, Marx et al. (2009) reported rates of Australian dust deposition over the last c. 8000 years using records extracted from an ombrotrophic mire. The trace element chemistry, principally light REE, of deposited dust is used to identify the Australian source areas, and to calculate Australian dust deposition rates in New Zealand. In this area, the relative contribution of Australian dust varies between 30 and 90%. Marx et al. (2009) identified a four-fold increase in dust flux strength and a change in source occurring after 4800 cal. BP, with central Australian dust source regions, such as the Lake Eyre Basin, becoming active.
Early geochemical studies (e.g. Rauch et al., 2004 ) revealed promising results. Expanding the number of sites and area, and combining different geochemical proxies Kamenov et al., 2009; Sapkota, 2006) including trace elements, Hg, and isotopes of Pb, Nd and Sr, will increase the number of proxies, which will help to discriminate between the different possible dust sources during the Holocene.
Conclusions and perspectives
A relationship between peat growth and climate change has been established, although there remain misgivings amongst some researchers in eastern Fennoscandia, related to long-held views on autogenic succession in mires. Quantifying that relationship has proved more problematic, and relating the biological proxy data directly to climate parameters is also difficult. Recent work also shows promising results in the reconstruction of local and regional climate variability using inorganic geochemistry in peat bogs. However, it should be emphasized that no direct climatic parameter is derived using geochemical records, but reconstructed dust fluxes and their sourcing can give information about local and/or regional climatic instabilities during a particular period of time. Table 1 lists several techniques that may be able to generate further proxy-climate indicators from peats. These include new geochemical signatures (e.g. the application of non-traditional isotopes to dust sourcing) and new biomarkers (glycerol dialkyl glycerol tetraethers; isoprenoids, derived from Archaea) in addition to attempting to define species-specific, compound-specific stable-isotope signatures.
For proxy-climate research from mires, the selection of site is crucial (De Vleeschouwer et al., 2010b) , followed by high-resolution sampling and the provision of a detailed chronology. Laboratory protocols for a range of techniques have been published recently for researchers (see De Vleeschouwer et al., 2010a) . However, whilst it is desirable to follow these explicitly for mires that are ombrotrophic, it must be recognised that not all proxies and techniques have universal applicability, owing to differences in mire-species assemblages, mire formation, topographic controls, and geochemical characteristics.
Recent works show that the combination of inorganic geochemical proxies together with mineralogical and biological proxies are key to a better understanding of the causes and consequences of short-term climatic events in the Holocene. Peat bogs are therefore an ideal Holocene archive to work with, as they display high preservation capacities, not just of biological proxies but also of small inorganic particles.
